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Space Charge Force

@ Beams with Space-Charge
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Beam with Space-Charge

Distributions can be very complex!



@ Motivation
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« Beams near the source:
— Are high in space-charge

— Have distributions that are in not in
equilibrium

— Can be born with halo particles
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 We need to develop an accurate phase space
diagnostic
« Tomography is a good candidate, but to date,

has been used only for beams with little space
charge

« This study demonstrates the use of tomography
for beams with intense space charge
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Beams with Space Charge
Simulation/ Validation of Tomography
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Conclusion




S
}\_'.l Iy

- ]
12 j =]
g,r f— .-'\:'

TRyLN

Motivation Example

* |nitial Conditions?

Gun\ Exit:

£, =& =13.0um
X =Y=2.0mm
X =-10.0mrad
Y =-10.0mrad

Beam |
. Screen
Gun Exit | |
= Magnet | Magnet ——
Gun |
Screen Screen Screen
Y _Sim Exp
Gun Exit;
g =&,=33.0um
X =Y =20mm
X =-25mrad
Y =-25mrad
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@ Computed Tomography (CAT Scan)

« Tomography is the technique of reconstructing
an image from its projections Q

ia 8

Abel (1826) Radon (1917)

c.t. scanner x-ray tube

both rotate
around the
patient

/

&
-l

image
4 x-ray detector
signals from
: e detector
http://www.sv.vt.edu/ — ——

http://universe-review.ca computer
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[ e Tomography Algorithm

-g? - -,":'
TRyLM

Fourier Slice Theorem

Fourier transform of a parallel projection is equal to
a slice of the two-dimensional Fourier transform of

space domain frequency domain frequency domain

Kak and Slaney, Principles of Computerized Tomographic Imaging (1988)




® Tomography Advantages-Disadvantages &

* Pros
— No a priori assumption about the distribution
— Compact/ no need additional hardware

« Cons
— In rings only applicable to first turn
— Sensitive to screen linearity and camera quality



Quadrupole-Scan Tomography
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Quadrupole Lens Screen
« Quadrupoles rotate the phase space distribution.
Singl ticl " F =17
« Single particle: =—KXx+ =
gie p X X T Fge ymav

« NoSC: x =—-kx

Is this equation
familiar?

b
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(x] COS /K, Z \/?Sin\/’(xz (x()] (x)_( cosd sinHj[on
' X | N s 9 H .
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« With SC: Very complicated!




Y Solenoidal Tomography
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Solenoidal Lens Screen 2me By
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Particle equation |r =—xr+—-—"——+F
mcy Br

e Where Py = ymr’ 0+ qA,r
o |f p6,=(), Fo. =0 ro=—kr
» Case is similar to quadrupoles

With SC: Very complicated!

Stratakis et al., Physics of Plasmas (Letter)14, 120703 (2007)



@ Beam Tomography with space charge @

Single particle equation: | x =—kx+F,.

Minimize the assumptions about the beam distribution
Approximate space charge force as linear

Validate through simulation (to be checked later)



~ Beam Tomography with space charge
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 Single particle equation: X =—kx+F,
X =2J<x* >
A linear forces: x =—(k.,———~)x J<y
ssume linear forces: 0 XX 1T) y=2J<y>
k=—2
27E,mv’
* Find X, Y by solving envelope equations:
2 2
XaxX-2fong oy 2K &

Stratakis et al. Physical Review ST - AB 9, 112801 (2006)



@ Tomography Simulation/ Validation
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Beam Simplified.
e coONfiguration

recovery -

* Reconstructed phase space by Tomography will
be compared to that generated directly by
WARP



&~ Tomography Simulation/ Validation
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» Reconstructed phase space by Tomography WI||
compared to that generated directly by WARP.
Hollow velocity distribution y=K

k2 2
B

WARP'

TOMO
Stratakis et al. Physical Review ST - AB 9, 112801 (2006)



@ Tomography Simulation/ Validation
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Non-uniform spatial distribution
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WARP

ﬁx

Q3

Q2

. Reconstructed phase space by Tomography is
compared to that generated directly by WARP

ZE

Q1

Beam (y =0.72)

I

Stratakis et al. Physical Review ST - AB 9, 112801 (2006)
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@ University of Maryland Electron Ring

/] ¥ Pulsed
Injector

Energy 10-50 keV
rms Emittance, nor |0.2-3 um
Current range 0.6-100 mA
Perveance <0.0015
Circulation time 200 ns

. | Pulse length 100 ns

.| Zero-Current Tune |7.6

Depressed Tune
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‘@ Tomography Experimental Configuration e
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. Screens
— Gd,0,S:Tb (P43), 1.5 ms decay time
— Zn0:Ga (E36), 2.4 ns decay time

« Cameras
— IMPERX-1M48 (integrated)
— PIMAX2 ICCD (gated)

e Lens
— 60mm Micro Nikkor F/2.8 AF

Stratakis et al. PAC 2007
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Computer Control System
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Magnet
Power supplies

CCD Camera

ﬁ

Magnet Control Computer Tomography Computer

Labview XCAP Imaging
MATLAB

Stratakis et al. PAC 2007



AT RE
.l ¥
e r

@ Experimental Validation of Tomography
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Aperture Screen Pinhole Scan Screen Photos
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= Pinhole Scan?
e Tomography |
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D. Stratakis, |. Haber, and S. Bernal, unpublished data




@ Three Experiments with Intense Beams
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« Experiment 1:

“Uniform” beam evolution (19mA, ¥=0.85).

« EXxperiment 2:
Nonuniform beam evolution (28mA, y=0.9). H

« EXxperiment 3:

Solenoidal Tomography/ Time Resolved Tomography
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Single Beamlet Experiment

Configuration ‘ -
Space
—>X s=0.76 m 3.2m

Tomography
Phase
Space

a=0.5cm
kp= 1.14 m
7\«BO= 151 m



@ Multibeamlet Experiment 'l

g_rﬁ- .-'\:'

TRyLb JR—
Configuration %
rgua ‘. > & =

T X - s=0.76m 3.2m

Tomography
Phase
Space

E. Gun |C2

Beam Parameters

e beam (E=10 keV, 1=28 mA, K=4 104)
a=0.6cm

Ap=1.3m

Ago=1.51m

Ag=2.75m

Stratakis, Haber, Kishek, O'Shea, and Reiser, to be published




& Multibeamlet Experiment Simulation
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Simulation

« Beamlets are well separated in phase space
Stratakis, Haber, Kishek, O'Shea, Reiser, to be published
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Mltlbeamlet Exerlment
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Stratakis, Haber, Kishek, O'Shea, and Reiser, to be published
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& Tomography with Solenoids
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Solenoid Solenoid Screen
S1 S2

Aperture |
———

Reconstruction

S1:71G, S2: 60G n
S1: 74G, S2: 60G -

* Experiment reveals the presence of rings of

particles
Stratakis et al., Physics of Plasmas (Letters)14, 120703 (2007)
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@ Tomography with Solenoids

fo) Aperture | Screen

: -’-21.r1P~ S 82
Gun |

S1:57G, S2: 60G .'fzccﬁ

Stratakis et al., Physics of Plasmas (Letters)14, 120703 (2007)
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TRyLN

S1:89G, S2: 60G
Aperture | Screen

[ -
| %
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z.coil Sc

| m  Measurement Point‘

Beam Current (mA)

Time (ns)

D. Stratakis, K. Tian, J. Thangaraj, and R.B. Fiorito, to be published
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@, Conclusions
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« Extended Tomography to beams with
Space Charge

« Simulation validated accuracy of technique

« Experimental measurements reveal evolution of
beam halo and multi-beamlet merger

« Employed solenoids for tomography

PHYSICS OF PLASMAS 14, 120703 (2007)

Tomographic phase-space mapping of intense particle beams
using solenoids

D. Stratakis, K. Tian, R. A. Kishek, |. Haber, M. Reiser, and P. G. O'Shea
Institute for Research in Electronics and Applied Physics, University of Marviand,
College Park, Marviand 20742, USA

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 9, 112801 (2006)

Tomography as a diagnostic tool for phase space mapping of intense particle beams

D. Stratakis, R. A. Kishek, H. Li.* S. Bernal, M. Walter. B. Quinn, M. Reiser, and P. G. O’ Shea
Institure for Research in Electronics and Applied Physics, University of Maryland, College Park, Maryland 20742, USA
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